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Responsive Multivesicular Polymeric Nanovaccines that
Codeliver STING Agonists and Neoantigens for
Combination Tumor Immunotherapy

Ting Su, Furong Cheng, Jialong Qi, Yu Zhang, Shurong Zhou, Lei Mei, Shiwei Fu,
Fuwu Zhang, Shuibin Lin,* and Guizhi Zhu*

Immune checkpoint blockade (ICB) has significantly advanced cancer
immunotherapy, yet its patient response rates are generally low. Vaccines,
including immunostimulant-adjuvanted peptide antigens, can improve ICB.
The emerging neoantigens generated by cancer somatic mutations elicit
cancer-specific immunity for personalized immunotherapy; the novel cyclic
dinucleotide (CDN) adjuvants activate stimulator of interferon genes (STING)
for antitumor type I interferon (IFN-I) responses. However, CDN/neoantigen
vaccine development has been limited by the poor antigen/adjuvant
codelivery. Here, pH-responsive CDN/neoantigen codelivering nanovaccines
(NVs) for ICB combination tumor immunotherapy are reported.
pH-responsive polymers are synthesized to be self-assembled into
multivesicular nanoparticles (NPs) at physiological pH and disassembled at
acidic conditions. NPs with high CDN/antigen coloading are selected as NVs
for CDN/antigen codelivery to antigen presenting cells (APCs) in
immunomodulatory lymph nodes (LNs). In the acidic endosome of APCs,
pH-responsive NVs facilitate the vaccine release and escape into cytosol,
where CDNs activate STING for IFN-I responses and antigens are presented
by major histocompatibility complex (MHC) for T-cell priming. In mice, NVs
elicit potent antigen-specific CD8+ T-cell responses with immune memory,
and reduce multifaceted tumor immunosuppression. In syngeneic murine
tumors, NVs show robust ICB combination therapeutic efficacy. Overall, these
CDN/neoantigen-codelivering NVs hold the potential for ICB combination
tumor immunotherapy.
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1. Introduction

Cancer immunotherapy leverages the host
immune system for cancer treatment and
has emerged as one of the major therapy
modalities. Current cancer immunother-
apy approaches range from immune
checkpoint blockade (ICB), adoptive T-cell
transfer, oncolytic viruses, to therapeutic
vaccines.[1] In particular, ICB has shown
great potential as a novel and efficacious
cancer therapeutic approach, with an in-
creasing number of FDA-approved ICB
agents in the past decade. However, while
durable response to cancer immunother-
apy relies on sustained antitumor immune
responses,[2] only a small subset of patients
with certain types of cancer durably respond
to ICB monotherapies. This is largely due
to ICB resistance associated with tumor
heterogeneity, sparse antitumor immune
cells as ICB targets,[3] often low immune
checkpoint levels,[4] and multitier im-
munosuppression systemically and locally
in the tumor microenvironment (TME).[5]

Dual ICBs have increased the response
rates but also aggravated immune-related
adverse effects due to the loss of immune
homeostasis.[6] Such challenges demand
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innovative approaches, such as combination immunotherapy, to
maximize clinical benefit of ICB.

Cancer therapeutic vaccines hold the potential to over-
come ICB resistance and improve ICB efficacy in combination
immunotherapy.[6,7] Cancer vaccines can induce innate and/or
adaptive antitumor immunity and ameliorate tumor immuno-
suppression systemically and locally in the TME.[8] Conven-
tional cancer therapeutic vaccines have only shown marginal tu-
mor therapeutic efficacy in the clinic so far, largely due to poor
codelivery of molecular antigens and immunostimulant adju-
vants that is desired for optimal antitumor immunomodulation
with minimal immune tolerance. Indeed, so far there are only
two cancer therapeutic vaccines used in the clinic: sipuleucel-
T (Provenge) for metastatic prostate cancer (approved by US
FDA in 2010) and weakened bacteria Bacillus Calmette–Guérin
(BCG) for early stage bladder cancer. Chemically defined tumor-
associated antigen (TAA)[9] and neoantigen[7,10] peptide vaccines
can elicit cancer-specific immunity, and are attractive for easy
manufacturing, cold-chain-free transportation and storage, and
long shelf-life. Due to the host central and peripheral immune
tolerance, TAAs have by large shown limited tumor therapeutic
efficacy in the clinic thus far. By contrast, neoantigens hold the
potential to address this limitation to induce potent cancer im-
munotherapy with minimal immune tolerance because neoanti-
gens are generated from somatic genetic events (e.g., exogenous
viral gene integration, somatic mutation, and gene rearrange-
ment) only in cancer cells but not in healthy cells.[10a] Thus,
neoantigens vaccines can bypass the host central or peripheral
immune tolerance to elicit or augment neoantigen-specific anti-
tumor immunity with strong neoantigen binding.[7] Further, al-
though the endogenous neoantigens elicit neoantigen-specific T
cells, such endogenous neoantigen-specific T cells are extremely
rare (0.002–0.4% in melanoma patients).[11] This makes neoanti-
gen vaccines desirable to expand these cell repertoires to improve
tumor therapeutic efficacy.[10a]

The overall poor immunogenicity of peptide antigens de-
mands the use of potent immunostimulants as adjuvants of pep-
tide vaccines, in which the adjuvants elicit innate immunity and
potentiate the immunogenicity of peptide antigens, whereby elic-
iting potent and long-lasting (with memory) cancer-specific adap-
tive immunity.[12] Among various types of immunomodulators,
agonists for the cyclic GMP-GMP (cGAMP) synthase (cGAS)-
STING (cGAS-STING) signaling pathway is an emerging class of
potent immunostimulant adjuvants that hold great potential for
cancer immunotherapy.[13] cGAS-STING pathway plays a critical
role in controlling the transcription of a series of host immune
defense genes. Upon activation by CDNs (e.g., cGAMP), STING
triggers IFN-I responses that further activate multifaceted down-
stream proinflammatory responses.[14] This allows the matura-
tion of APCs to promote tumor antigen presentation and the
priming of antitumor T cells.[15] Moreover, cGAS-STING acti-
vation in the TME can also turn an immunosuppressive “cold”
TME to a proinflammatory “hot” TME, the latter of which is crit-
ical for effective immunotherapy of solid tumors. These features
make STING agonists appealing immunostimulants for cancer
immunotherapy.[15c,16]

The optimal antitumor adaptive immunomodulation often
requires adjuvant/antigen codelivery to lymphoid tissues [e.g.,
lymph nodes (LNs) and spleens] and APCs,[17] where molecu-

lar vaccines are released and versatile antitumor immunity is
orchestrated.[18] However, efficient codelivery of neoantigen pep-
tides and STING agonists such as CDNs have been limited
by 1) the negative charges, susceptibility to enzymatic degra-
dation, and hydrophilicity of CDNs, 2) the neoantigen peptide
heterogeneity of electrostatic charges and water solubility, and
3) the resulting typically short half-lives, poor pharmacokinet-
ics, and limited bioavailability of CDNs and neoantigen pep-
tides. NVs hold great potential to efficiently codeliver peptide
antigens and immunostimulant adjuvants[19] to lymphoid tis-
sues and APCs. Moreover, NVs can also prevent the random
dissemination of vaccines, especially adjuvants, which otherwise
cause severe and sometimes fatal immune toxicity including sys-
temic cytokine storm syndromes due to acute elevation of sys-
temic inflammatory cytokines. In addition to stable vaccine load-
ing in NVs with minimal premature vaccine leaking prior to
uptake into APCs, vaccine molecules need to be effectively re-
leased once uptake by APCs, in which adjuvants can activate in-
tracellular immune receptors (e.g., STING for CDNs) and anti-
gens can be proteolytically processed (except for minimal pep-
tide epitopes) and complexed with major histocompatibility com-
plexes (MHC) for antigen presentation. Therefore, approaches
to enhancing the intracellular vaccine release from stable NVs
in APCs are highly desired for the optimal immunomodulatory
efficacies with minimal immunotoxicity.[20] A number of CDN
delivery systems have been reported using various nanoparticles
such as liposomes,[14a,21] polymeric particles,[22] hydrogel,[23] and
inorganic materials.[22b] For example, liposomal cGAMP repro-
grammed macrophages from immunosuppressive M2-like phe-
notype toward immunoactivating M1-like phenotype.[21a] How-
ever, few of current NVs have efficiently codelivered CDNs and
neoantigens that are conditionally released inside APCs to elicit
robust and durable tumor-specific T-cell immunity.

To address these challenges, we designed polymeric NVs
for efficient codelivery and pH-responsive intracellular re-
lease of cGAMP and tumor neoantigens for combination tu-
mor immunotherapy (Scheme 1). We synthesized a series of
star-shaped polymers[24] with three arms: 1) cationic poly((2-
dimethylaminoethyl) methacrylate) (PDMA) with a series of
lengths that allows electrostatic complexation with negatively
charged cGAMP in the self-assembled NVs, 2) polyethylene
glycol (PEG) that shields NP surface charge and enhances
the biocompatibility of NPs, and 3) a pH-responsive poly(2-
(diisopropylamino)ethyl methacrylate) (PDPA) as the hydropho-
bic core of NPs for the loading of hydrophobic neoantigens via
hydrophobic interactions. Upon uptake into the acidic endo-
some, this pH-responsive PDPA became protonated, leading to
NV disassembly and hence the release of cGAMP and neoanti-
gens. Meanwhile, PDPA protonation is also expected to promote
the endosomal escape of 1) cGAMP that needs to bind with
and activate cytosolic STING, and 2) MHC-I-restricted neoanti-
gens that need to be processed by proteases and complexed with
MHC-I in the cytosol prior to antigen cross-presentation to elicit
CD8+ T-cell responses.[25] Further, cGAMP delivered by NVs
triggered IFN-I-driven inflammation to drive neoantigen cross-
presentation and reprogram the tumor immune microenviron-
ment. The NVs efficiently codelivered cGAMP and neoantigens
to draining LNs and the intranodal APCs, elicited potent and
long-lasting (with memory) systemic neoantigen-specific T-cell
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Scheme 1. pH-responsive multivesicular polymeric nanovaccines (NVs) for the codelivery of STING agonists and neoantigens in combination tumor
immunotherapy. The star-shaped polymers were self-assembled into pH-responsive nanoparticles (NPs) that coloaded cGAMP and neoantigen peptides
through electrostatic and hydrophobic interactions, respectively. The NVs efficiently codelivered cGAMP and neoantigens to the draining lymph nodes
(LNs) and intranodal antigen presenting cells (APCs). Upon cell internalization by endocytosis, NVs were disassembled in response to the acidity in
the endosome and escaped to the cytosol for STING activation by cGAMP and neoantigen presentation by major histocompatibility complex (MHC).
NVs elicited sustained antigen presentation, potentiated and prolonged the neoantigen-specific T-cell responses, and ameliorated the tumor immuno-
suppression in the tumor microenvironment (TME). As a result, the combination of these NVs with immune checkpoint blockade (ICB) showed robust
tumor therapeutic efficacy in multiple tumor models.

responses, and reprogrammed the immune milieu in LNs and
tumor microenvironment that promote antitumor immunomod-
ulation. As a result, these NVs showed potent immunotherapeu-
tic efficacy in multiple mouse tumor models in combination with
ICB.

2. Results and Discussion

2.1. Synthesis of pH-Responsive Polymeric Micelles as
Nanocarriers for cGAMP

We designed and synthesized star-shaped pH-responsive poly-
mers (structures in Scheme 1) that were self-assembled into mul-

tivesicular micellular NPs (Figure 1A) for cGAMP/neoantigen
codelivery. First, we synthesized a dual end-functionalized PEG(-
alkynyl)-Br via Passerini three-component reaction.[24] Then,
at the end of PEG(-alkynyl)-Br (Figures S1 and S2, Supporting
Information), the pH-responsive poly(2-(diisopropylamino)ethyl
methacrylate) (PDPA) was synthesized through atom transfer
radical polymerization (ATRP) by using PEG(-alkynyl)-Br
as an initiator, and the hydrophilic and cationic poly(2-
(dimethylamino)ethyl methacrylate (PDMA) was conjugated
through click chemistry. The products were measured by 1H
NMR, Fourier transform infrared (FTIR) (Figure S2, Supporting
Information), and GPC (Table S1, Supporting Information). To
optimize the cGAMP loading capacity in polymeric NPs, we
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Figure 1. Characterization and screening of pH-responsive star-shaped polymer nanoparticles (NPs). A) Schematic illustration of the self-assembly of
star-shaped multifunctional polymers into pH-responsive NPs. B) Titration plots for the critical micelle concentration (CMC) measurement for S20, S40,
and S60 NPs via the ratios of pyrene fluorescence intensities at 334.2 nm over 331.5 nm (I334.2/I331.5). C) pH titration of NPs (1 mg mL−1) using
NaOH (0.01 m). D) DLS results showing the hydrodynamic sizes of S40 NPs (1 mg mL−1) at different pH conditions. E,F) The hydrodynamic sizes (E)
and zeta potential (F) of NPs at the range of pH 5.5 – pH 7.4 indicate the NPs disassembly and the increased electrostatic charge on NPs in response to
acidity. G) TEM images of S40 NPs at pH 7.0 and pH 5. The large NP sizes at pH 7.4 and the smaller NP sizes at pH 5 showed NP disassembly at pH5.
H) pH-dependent erythrocyte membrane destabilization by NPs, as measured using an erythrocyte hemolysis assay. Percent hemolysis was calculated
relative to H2O. I) MTT assay results showed the cell viability of DC2.4 cells treated with different NPs for 24 h. Polyethylenimine (PEI) was used as a
positive control. In H and I, data represent mean ± SD (n = 3); ns: nonsignificant, *p < 0.05, and ****p < 0.0001 (Student’s t-test).

designed and synthesized the star-shaped polymers with a series
of different lengths of cationic PDMA with the average poly-
merization degrees of 20, 40, and 60. We named the resulting
PEG(-g-PDMA)-b-PDPA polymers as S20, S40, and S60. Using
pyrene as a hydrophobic fluorescence probe, we determined
the critical micelle concentration (CMC) of S20, S40, and S60
to be 0.66, 5.21, and 11.01 μg mL−1, respectively (Figure 1B).
As shown by acid–base titration, all the three polymers showed
good buffering capacities in the pH range of 5 to 7 (Figure 1C),
and the elongation of the PDMA chain enhanced the buffering
capacity. This can be explained by that the elongation of PDMA
enhanced the abundance of protonation at acidic conditions. The
pKa values, as measured as the pH value in the middle of the two
equivalence points in titration curves, were 6.19, 6.68, and 6.55
for S20, S40, and S60, respectively. Next, we demonstrated the
sensitive pH responsiveness of these polymer NPs, as shown by
their acidic pH-responsive decrease of hydrodynamics sizes and
increase of zeta potentials (Figure 1D: S40 NPs at different pH
values; Figure 1E,F and Figure S3 (Supporting Information): all
three NPs). Note that, presumably due to the increased water sol-

ubility of long PDMA chains, at physiological pH7.4, the NP sizes
reduced from ≈95 nm in diameter for S20 to ≈75 nm for S40 and
≈26 nm for S60. The morphology of S40 micelles at pH 7.0 and
acid pH 5 were examined by TEM, which verified the NP disas-
sembly in response to acidic pH (Figure 1G). Intriguingly, TEM
also revealed the multivesicular micellular substructures of these
NPs, likely resulting from the amphiphilic structure of these star-
shaped polymers. Lastly, we studied the ability of these polymers
for pH-responsive endosome escape using an erythrocyte hemol-
ysis assay that is a commonly used to predict the endosomolytic
activity of drug carriers.[26] The NPs showed a pH-dependent
erythrocyte membrane destabilization (Figure 1H and Figure S4,
Supporting Information). Specifically, at pH 6.2, all three NPs
showed significant hemolysis, in contrast to negligible hemolysis
of these NPs at physiological pH7.4, and moderate hemolysis for
only S20 and S60. Moreover, the elongation of the hydrophilic
PDMA segment increased the hemolytic activity at pH6.2. These
results clearly demonstrated the sensitive pH responsiveness of
these NPs at the range of acidic pH that simulate the pH range
in the endosome. Such sensitive pH responsiveness is expected
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Figure 2. Characterization of nanoparticle (NP)/cGAMP. A) pH-responsive cGAMP release kinetics from S40 polymeric NPs. B) Confocal microscopy
images showed the uptake of free Fluo-CDG or NP/Fluo-CDG (1 μg mL−1) into DC2.4 cells after a 5-h incubation. DIC: differential interference contrast.
C) Colocalization ratios of Fluo-CDG with endolysosome as quantified from 20 random cells in confocal microscopy results. D) Flow cytometry results
showing the time-dependent intracellular delivery of free Fluo-CDG or/Fluo-CDG in DC2.4 cells (Fluo-CDG: 1 μg mL−1). E) Flow cytometry results
showing that, relative to controls, NP/cGAMP enhanced the upregulation of MHC-II and costimulatory factors CD40, CD80, and CD86 in DC2.4 cells.
F) ELISA results showing that NPs significantly promoted the ability of cGAMP to induce murine IFN-𝛽 (mIFN-𝛽) in DC2.4 cells after a 24-h treatment
in a dose-dependent manner. G) NP/cGAMP outperformed controls to induce mIFN-𝛽) in DC2.4 cells (cGAMP: 1 μg mL−1, 24-h treatment). H,I) Fold
changes of interferon (IFN) dependent reporter signals in RAW-ISG cells treated with cGAMP formulations demonstrated the dose-dependent cGAMP-
selective IFN response (H) (24-h treatment) and the superior INF induction ability of NP/cGAMP than controls (I) (cGAMP: 1 μg/mL, 24-h treatment).
Lipo/cGAMP: Lipofectamine2000-transfected cGAMP. PEI/cGAMP: PEI-transfected cGAMP. NP/cGAMP: cGAMP-loaded S40 NPs. Data: mean ± SD (n
= 3); ns: nonsignificant, *p < 0.05, **p < 0.01, and ****p < 0.0001 (Student’s t-test).

to ensure stable vaccine loading in the NPs at physiological pH
while facilitating the vaccine release from NPs in the endosome
as well as the endosome escape of vaccines to the cytosol. In an
MTT cell viability assay, all of these NPs showed low cytotoxicity
in DC2.4 dendritic cells (DCs) at up to 50 μg mL−1, in contrast
to the high cytotoxicity of polyethylenimine (PEI), a commonly
used gene delivery carriers as positive control (Figure 1I).

2.2. DC Immunostimulation by cGAMP-Loaded NPs
(NP/cGAMP)

To develop these multivesicular polymeric NPs as vaccine carri-
ers, we then studied their cGAMP loading via electrostatic inter-

actions between cationic PDMA in NPs and anionic cGAMP. We
measured the loading capacity of NPs at different cGAMP: poly-
mer feeding mass ratios (5%, 10%, 15%, and 20%) (Table S2, Sup-
porting Information). The cGAMP: polymer feeding ratio of 20%
has not saturated the cGAMP loading and yielded the highest
cGAMP loading capacity: 10.2%, 10.6%, and 13.1% for S20, S40,
and S60, respectively. Because S40 NPs showed high cGAMP
loading capacity, sensitive pH responsiveness (Figure 1C–F), and
great biocompatibility (Figure 1I), S40 was selected as the vaccine
nanocarriers for further studies. The cGAMP release profile was
studied in PB buffer at pH 7.4 and 6.2 (0.1 m), respectively. The
pH responsiveness of NPs facilitated cGAMP release in acidic
conditions (Figure 2A). To investigate intracellular cGAMP de-
livery by fluorescence monitoring, we used a fluorescein-labeled
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cyclic di-GMP (Fluo-CDG) that has similar electrostatic charges,
sizes, and chemical structures compared to cGAMP, and is there-
fore expected to have similar loading and release profile in NPs
relative to cGAMP. DC2.4 cells were treated with NP/Fluo-CDG
or free Fluo-CDG control for 5 h. We observed efficient intracellu-
lar delivery of NP/Fluo-CDG, in contrast to moderate cell uptake
of free Fluo-CDG, by confocal microscopy (Figure 2B and Fig-
ure S5, Supporting Information) and flow cytometry (Figure 2D).
Note that, despite its negative charge, significant amount of free
Fluo-CDG was delivered to DCs through endolysosome, likely
via CDN transporter SLC19A1 on cell surface or fluorescein.[27]

Nonetheless, NP/Fluo-CDG showed more efficient intracellular
delivery than free Fluo-CDG. To evaluate endosomal release, we
used software ImageJ to analyze the colocalization ratio of Fluo-
CDG with Lysotracker Red-stained endolysosome. Relative to free
Fluo-CDG, the endolysosome colocalization ratios of NP/Fluo-
CDG, as well as positive controls Lipofectamine 2000 (Lipo/Fluo-
CDG) and PEI (PEI/Fluo-CDG), were decreased from 1 h post
treatment to that at 12 h post treatment, suggesting enhanced
endosome escape by NP/Fluo-CDG (Figure 2C; Figures S6A and
S6B, Supporting Information). The ability of these NPs to en-
hance Fluo-CDG endosome escape was further confirmed by the
reduced endolysosome colocalization with NP/Fluo-CDG than
relative to free Fluo-CDG, as indicated by the Pearson’s R cor-
relation values of 0.49, 0.24, 0.25, and 0.34 for free Fluo-CDG,
Lipo/Fluo-CDG, PEI/Fluo-CDG, and NP/Fluo-CDG (Figure S6C,
Supporting Information), respectively.[28] Of note, part of the
Fluo-CDG presumably escaped from the endolysosome as the
NP/Fluo-CDG complexes, and these Fluo-CDG nanocomplexes
may further protect CDG from cytosolic nuclease degradation
and extracellular exportation by CDN exporters such as ectonu-
cleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) in the
cytosol.[29] Overall, these results demonstrated that NPs effi-
ciently loaded and delivered CDNs into DCs, and facilitated the
endosomal escape of CDNs into the cytosol, allowing CDNs to
activate cytosolic STING.

We then studied NP/cGAMP for immunostimulation in DC2.4
cells by ELISA and flow cytometry. Compared with free cGAMP,
NP/cGAMP efficiently upregulated the expression of matura-
tion marker MHC-II and costimulatory factors CD40, CD80, and
CD86, all of which are critical mediators for antigen presenta-
tion and T-cell priming (Figure 2E; Figures S7 and S8, Support-
ing Information). Consistently, NP/cGAMP efficiently elicited
the secretion of IFN-I (e.g., IFN-𝛼 and IFN-𝛽), and proinflamma-
tory cytokines such as interleukin 12 (IL-12), in DCs in a dose-
dependent manner (Figure 2F, Figure S9, Supporting Informa-
tion). Remarkably, the ability of NP/cGAMP to elicit all these cy-
tokines in DCs significantly outperformed that of free cGAMP,
cGAMP delivered by Lipofectamine 2000 (Lipo/cGAMP) and
PEI (PEI/cGAMP) (Figure 2G), and a state-of-the-art chemi-
cally stabilized fluoride-c-di-GMP (F-CDG) (Figure S9, Support-
ing Information). To further verify the ability of NP/cGAMP to
elicit IFN responses, we used RAW-Lucia ISG (IFN-stimulated
gene) reporter cells, which are RAW 264.7 murine macrophages
with stable integration of an IFN regulatory factor (IRF) in-
ducible Lucia luciferase reporter. As a result, we verified that
NP/cGAMP induced IFN responses in a dose-dependent manner
(Figure 2H), and significantly more efficiently than controls of
free cGAMP, Lipo/cGAMP, and PEI/cGAMP (Figure 2I). Worth

noting, though some pH-responsive polymers per se can activate
STING,[26a] our NPs did not show detectable intrinsic STING acti-
vation under this experiment condition, suggesting the cGAMP-
selective IFN responses induced by NP/cGAMP (Figure 2I). We
used a block polymer PEG-PDMA to investigate the impact of pH
responsive PDPA in S40 on vaccine delivery and immunomodu-
lation. We loaded DY547-cGAMP in PEG-PDMA NPs and S40
NPs, and incubated DC2.4 cells with these NVs, respectively,
for 18 h. Both NPs mediated efficient DY547-cGAMP endocyto-
sis into DC2.4 cells (Figure S10A, Supporting Information). The
Pearson’s R value was 0.2 for PEG-PDMA/cGAMP and 0.08 for
S40 NP/cGAMP, indicating decreased endolysosome colocaliza-
tion with S40 NPs relative to PEG-PDMA NPs and hence en-
hanced cGAMP endosome escape by S40 NPs relative to PEG-
PDMA NPs. We also studied cGAMP-loaded PEG-PDMA NPs
and S40 NPs to induce IFN- 𝛽 production in DC2.4 cells by
ELISA (Figure S10B, Supporting Information). S40 NPs enabled
cGAMP to induce more potent IFN production than PEG-PDMA
NPs. These data suggest that the pH responsiveness of S40 NPs
facilitated the endosome escape of NVs and enhanced the abil-
ity of cGAMP to elicit IFN-I responses. Collectively, these data
demonstrated the ability of NP/cGAMP to induce potent IFN-I
immunostimulation, providing the basis for them to elicit anti-
tumor innate immunity as well as adaptive immunity when code-
livered with antigens in NVs.[30]

2.3. cGAMP/Antigen-Codelivering NVs Elicited Sustained
Antigen Presentation and T-Cell Responses In Vitro

Motivated by the potent immunostimulation of NP/cGAMP, we
then studied these NPs to codeliver cGAMP and peptide anti-
gens, which are expected to elicit potent adaptive immunity with
minimal immune tolerance, the latter caused by the exposure of
APCs to peptide antigens in the absence of immunostimulant
adjuvants. We first used a model antigen SIINFEKL, an MHC-
I (H-2Kb)-restricted epitope of ovalbumin (OVA). SIINFEKL and
cGAMP were efficiently coloaded into NPs as measured by HPLC
after ultracentrifugal filtration (Figure S11, Supporting Informa-
tion). Comparing with S40 NP loaded with cGAMP only, the
cGAMP/SIINEKL-coloaded NVs had high cGAMP loading capac-
ity, likely due to the positive charge of peptides. The resulting NVs
showed excellent stability in PBS at room temperature for 5 days
(Figure S12, Supporting Information). We then studied antigen
presentation of DC2.4 cells treated with the above NP/(cGAMP +
SIINFEKL), with the controls of free SIINFEKL, free SIINFEKL
+ free cGAMP (Figure 3A). After treatment for 5 h, cells were
washed and further incubated in fresh medium for a series of
durations. The presentation of SIINFEKL by MHC-I on DCs was
stained using a dye-labeled antibody for the SIINFEKL/H-2Kb

complexes (H-2Kb is a subtype of MHC-I), followed by flow cy-
tometric analysis.[25] Prior to washing off at 5 h post treatment,
all formulations resulted in efficient antigen presentation on DCs
(Figure 3B). Interestingly, after washing off extracellular vaccines
at 5 h post treatment, the antigen presentation by cells treated
with free vaccines rapidly faded away, likely due to the antigen
disassociation from H-2Kb and SIINFEKL degradation. By con-
trast, NVs sustained the antigen presentation even after wash-
ing off extracellular vaccines, likely due to the efficient uptake of
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Figure 3. cGAMP/antigen-codelivering nanovaccines (NVs) sustained antigen presentation in dendritic cells (DCs). A) Study scheme of the antigen
presentation sustainability in DC2.4 cells. B) Flow cytometry results showing the levels of SIINFEKL presented on DCs after incubation with NVs
[(NP/(cGAMP/SIINFEKL)] and controls for 5 h, washing off extracellular vaccines, and further incubation for a series of durations, prior to antibody
staining of cell surface H-2Kb-SIINFEKL complexes. C) Confocal microscopy images showing the uptake and presentation of SIINFEK(FITC)L on DCs
treated with free vaccines or NVs for 5 h, followed by washing off extracellular vaccines and 24-h incubation. D) The assay absorption at 570 nm (A570)
indicated the activity of SIINFEKL-specific B3Z CD8+ T cells after coculture with vaccine-treated DCs. Relative to controls, NVs enabled DCs to promote
antigen-specific T-cell activation. Data: mean ± SD (n = 3; **p < 0.01, and ****p < 0.0001 (Student’s t-test).
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Figure 4. Nanovaccines (NVs) improved the codelivery of DY547-CDG and SIINFEK(FITC)L to draining lymph nodes (LNs) and intranodal antigen pre-
senting cells (APCs). A) Signal quantification (left) and representative photos (right) of draining inguinal LNs 18 h after s.c. administration of NVs or a
soluble mixture of SIINFEKL and CDG at tail base in C57BL/6 mice (n = 3). B,C) Flow cytometry data quantification showing the NV codelivery of CDG
and SIINFEKL into LN-residing dendritic cells (DCs) (B) and macrophages (C), two primary intranodal APC subsets. Data: mean ± SEM (n = 3); *p
< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (Student’s t-test).

NVs that created abundant intracellular vaccine repertoires for
sustained vaccine release. This is pivotal because sustained vac-
cine exposure to immune cells over a prolonged duration poten-
tiates and prolongs adaptive immunity.[31] To test this, an FITC-
labeled SIINFEK(FITC)L was used to directly analyze antigen pre-
sentation by confocal microscopy. Consistently, after incubation
for 5 h, strong SIINFEK(FITC)L fluorescence was presented on
DC2.4 cell surfaces. 24 h after treatment, the SIINFEK(FITC)L sig-
nal presented on DCs treated with free SIINFEK(FITC)L decreased
precipitously, in contrast to steady antigen presentation on NV-
treated DCs (Figure 3C and Figure S13, Supporting Informa-
tion). Note that the antigen presentation shown in Figure 3B was
stained using an antibody that binds to MHC-1/SIINFEKL com-
plexes on the surface of DCs, and the antigen uptake and pre-
sentation in Figure 3C was measured by imaging the FITC flu-
orescence directly from SIINFEK(FITC)L. NVs showed higher SI-
INFEKL signal than free SIINFEKL (Figure 3C), likely because
NVs facilitated the cell uptake of SIINFEKL. FITC slightly in-
creased the hydrophobicity of SIINFEKL, which, relative to SIIN-
FEKL, likely enhanced SIINFEK(FITC)L loading in NPs, facilitated
the cell uptake of SIINFEK(FITC)L-loaded NVs, and may impact
the pharmacokinetics of this antigen in vivo. Next, we evaluated
the vaccine-treated DC2.4 cells for T-cell priming by coculturing
the as-treated DCs with SIINFEKL-specific B3Z CD8+ T-cell hy-
bridoma. Upon recognition of SIINFEKL/H-2Kb complexes, B3Z
cells are activated to produce 𝛽-galactosidase, which hydrolyze a
substrate into red products that can be quantified by absorbance.
As a result, NV-treated DC2.4 cells enhanced B3Z T-cell activa-
tion relative to control vaccine formulations, including free SI-
INFEKL, admixed free cGAMP and SIINFEKL, NP/cGAMP, and
NP/SIINFEKL. It also showed comparable effect to vaccines de-
livered by lipofectamine 2000 or PEI that are well known for the
suboptimal biocompatibility despite typically good cell transfec-

tion efficiency (Figure 3D). Note that some peptides might not
be efficiently loaded in lipofectamine, leading to weaker anti-
gen presentation than our NVs. Taken together, these results
demonstrated the ability of these pH-responsive NPs to promote
cytosolic vaccine delivery, enhance and prolong sustained anti-
gen presentation, and promote antigen-specific T-cell priming
by APCs.

2.4. Combined ICB and cGAMP/Antigen-Codelivering NVs
Remodeled Tumor Immune Microenvironment for Potent Tumor
Immunotherapy

Free CDNs and peptide antigens often suffer from poor pharma-
cokinetics, due to the small sizes and electrostatic charges that
lead to random dissemination and rapid clearance from the body.
Vaccine delivery systems are thus highly desired to codeliver
CDNs and peptide antigens into immunomodulatory tissues and
cells, such as LNs and the intranodal APCs, where vaccines can
elicit antitumor immunity. To study cGAMP/antigen codelivery
by NVs in C57BL/6 mice, we used dye-labeled DY547-CDG and
SIINFEK(FITC)L for fluorescence pharmacokinetic monitoring.
A total of 18 h after subcutaneous (s.c.) injection of NP/(CDG
+ SIINFEKL) and control soluble CDG + SIINFEKL at mouse
tail base, draining inguinal LNs were harvested for DY547
fluorescence imaging of CDG. NVs increased CDG accumu-
lation in the LNs, compared with free vaccines (Figure 4A).
The quantification of DY547 fluorescence intensities from LNs
suggested approximately 5.78-fold and 1.88-fold accumulation
by NP/(CDG + SIINFEKL) relative to PBS and free CDG + SI-
INFEKL, respectively (Figure 4A). LNs harbor various immune
cells (e.g., APCs, B cells, and T cells) and stromal cells, and have
a sophisticated structure that include spacy subcapsular sinus
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Figure 5. cGAMP/SIINFEKL-codelivering nanovaccines (NVs) elicited potent and durable T-cell responses in mice. A) Study design for T-cell responses
in C57Bl/6 mice (n = 4). B,C) Representative flow cytometry plots (B) and quantification (C) of a H-2Kb-SIINFEKL tetramer staining assay showing that
NVs (s.c. injected at tail base; days 0, 14) augmented the peripheral SIINFEKL-specific CD8+ T cells (day 21) in mice. D) Quantification of CD8+ memory
T cells in the above immunized mice (day 21). E) Representative flow cytometry plots of memory T cells in total CD8+ and SIINFEKL+ CD8+ T cells in
NV-treated mice (day 21). F) PD-1 median fluorescence intensity (MFI) on total live PBMC CD8+ T cells. G) PD-1 MFI on total live PBMC CD8+ T cells
and SIINFEKL+ CD8+ T cells from NV-immunized mice, indicating elevated PD-1 levels specifically on SIINFEKL+ CD8+ T cells relative to total CD8+
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where NVs can reside. Therefore, it is critical to understand the
vaccine delivery in intranodal APC subsets that are critical for
antigen presentation and antitumor T-cell responses. Thus, we
further dissected the CDG/SIINFEKL codelivery in two main
intranodal APC subsets: DCs (CD45+CD11c+) (Figure 4B) and
macrophages (CD45+CD11b+F4/80+) (Figure 4C). As shown
by the percentage of SIINFEKL+CDG+ cells, NVs significantly
promoted CDG/SIINFEKL codelivery to DCs and macrophages,
relative to free CDG + SIINFEKL (Figure S14, Supporting Infor-
mation). The efficient vaccine codelivery to LNs and intranodal
APCs in vivo provides the basis for NVs to efficiently present
antigens from APCs to native T cells and elicit antigen-specific
antitumor T-cell responses with minimal immune tolerance.

2.5. cGAMP/Antigen-Codelivering NVs Elicited Potent and
Durable Antigen-Specific T-Cell Responses In Vivo

Next, we studied the ability of cGAMP/antigen-codelivering NVs
to elicit T-cell responses in mice. We first studied the MHC-I-
restricted SIINFEKL as a model antigen that elicits CD8+ T-cell
responses. C57Bl/6 mice were s.c. administered (at tail base) with
NVs and controls on days 0 and 14 (Figure 5A). On day 21, periph-
eral blood was collected to analyze the SIINFEKL-specific CD8+

T-cell response by SIINFEKL/H-2Kb tetramer staining. As shown
by flow cytometry, NVs significantly expanded the SIINFEKL-
specific CD8+ T cells (Figure 5B,C), with a 6.1-, 5.0-, and 3.7-
fold increase relative to PBS, NP/SIINFEKL, and free cGAMP
+ SIINFEKL, respectively. This demonstrated that NVs elicited
potent systemic T-cell responses. Central memory (TCM) and ef-
fector memory (TEM) cells are two major memory T-cell sub-
sets. TCM cells access secondary lymphoid organs and proliferate
rapidly during secondary immune responses; TEM cells, which
are less proliferated and more differentiated than TCM cells,[32]

preferentially traffic to the peripheral tissues and mediate rapid
effector functions of inflammatory reactions or cytotoxicity.[33]

By staining phenotypical markers CD44 and CD62L on CD8+ T
cells, we showed that NVs generated large fractions of CD8+ TEM
cells (CD44+CD62Llow) and CD8+ TCM cells (CD44+CD62Lhigh)
(Figure 5D and Figure S16, Supporting Information), includ-
ing abundant SIINFEKL-specific CD8+ TEM cells (Figure 5E).
The ability of NVs to induce immune memory is pivotal to treat
metastatic tumor and prevent any tumor recurrence for durable
therapeutic response. Meanwhile, NVs upregulated the expres-
sion of immune checkpoint PD-1 on CD8+ T cells (Figure 5F
and Figure S17, Supporting Information), especially on antigen-
specific CD8+ T cells (Figure 5G), indicating the immune ex-
haustion accompanying potent immunostimulation and provid-
ing an opportunity to synergistically combine NVs with anti-
PD-1 ICB for the optimal therapeutic efficacy. To validate the
antigen-specific T-cell response and memory, on day 34, the as-
immunized mice were challenged with EG7.OVA on the left flank
and control OVA-negative EL4 cells on the right flank. Consis-
tently, NVs significantly inhibited the growth of target EG7.OVA

tumor, but not the nontarget EL4 tumor (Figure 5H,I; Fig-
ure S18, Supporting Information). This demonstrates the anti-
gen specificity of NV-elicited immunity that is critical for effec-
tive cancer immunotherapy with minimal nonspecific immuno-
toxicity or autoimmunity. Collectively, these data demonstrate
that cGAMP/antigen-codelivering NVs elicit potent and durable
antigen-specific T-cell responses.

2.6. Combined ICB and cGAMP/Antigen-Codelivering NVs
Remodeled Tumor Immune Microenvironment for Potent Tumor
Immunotherapy

Given that these NVs elicited potent and durable T-cell responses
while upregulating PD-1 expression on CD8+ T cells which sen-
sitizes PD-1 for 𝛼PD-1 ICB immunotherapy, we evaluated the
therapeutic efficacy of NVs combined with 𝛼PD-1. We first stud-
ied the immunotherapy of TC-1 carcinoma expressing human
papillomavirus (HPV) oncoviral E7 antigen. HPV infection
causes a variety of cancer, including over 90% cervical cancer
cases globally. TC-1 tumor cells were s.c. inoculated in syngeneic
C57Bl/6 mice. 7 days later, mice were treated with PBS, 𝛼PD-1,
NVs [i.e., NP/(cGAMP + E7)], free (cGAMP + E7) + 𝛼PD-1, and
NVs + 𝛼PD-1 (vaccine: 10 nmole cGAMP and 20 μg antigen, s.c.
at mouse tail base, 3 times with 6-day interval; 𝛼PD-1: intraperi-
toneal administration, 200 μg, 5 times with 3-day interval). NVs
significantly inhibited TC-1 tumor growth, indicating that the
adjuvant/antigen codelivery promoted anti-tumor immunity and
immunotherapeutic efficacy. Moreover, NVs + 𝛼PD-1 further
promoted tumor regression significantly more efficaciously than
𝛼PD-1 alone or free vaccine + 𝛼PD-1, indicating the therapeutic
benefit of these NVs for ICB combination immunotherapy (Fig-
ure 6B). These results were verified by the tumor weights at the
end of the experiment on day 28 (Figure 6C). Consistently, NVs
and NVs + 𝛼PD-1 significantly prolonged mouse survival than
control treatments (Figure 6D), though the full animal survival
profiles were not monitored due to early ending of the experi-
ment. Moreover, the spleen/body weight ratios of mice at day 28
indicate that NVs + 𝛼PD-1 promoted splenomegaly likely due to
the expansion of proinflammatory immune cells in the spleen
(Figure 6E). Splenomegaly has been reported in effective tumor
immunotherapy. The splenomegaly on day 28 after tumor inoc-
ulation is 9 days after the last vaccine dosing, when free vaccines
have been mostly cleared from the body with minimal antitumor
immune responses; by contrast, the more durable antitumor
immune responses induced by NVs, especially when combined
with 𝛼PD-1, enhanced splenomegaly relative to controls such
as free vaccines. Further, both NVs and the combined NVs with
𝛼PD-1 showed great safety signs as indicated by the steady mouse
body weights, in contrast to significant body weight loss in mice
receiving control treatments. The body weight also dropped for
PBS-treated mice, so we believed the mouse body weight drop
was not caused by drug overdosing. We suspected this maybe
caused by tumor metastasis and other comorbidity as the tumors

T cells. H,I) EG7.OVA (H) and EL4 (I) tumor growth curves and tumor weights at day 20 post tumor challenge in immunized mice challenged with
EG7.OVA (right flank) and EL4 (left flank) tumor cells on day 34 post priming vaccination. ND: nondetectable. Statistics are indicated in comparison
with NVs. Data represent mean ± SEM; ns: not significant, *p < 0.05, **p < 0.01; ***p < 0.001, and ****p < 0.0001 (one-way ANOVA with Dunnett
test).
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Figure 6. cGAMP/E7-loaded nanovaccines (NVs) mediated robust immunotherapy in combination with 𝛼PD-1 in TC-1 tumor. A) Study design of TC-1
combination immunotherapy in syngeneic C57Bl/6 mice. Vaccine: 10 nmole cGAMP and 20 μg antigen, s.c. administration at mouse tail base on days
7, 13, 19; 𝛼PD-1: i.p. administration, 200 μg, on days 7, 10, 13, 16, 19. B,C) TC-1 tumor growth curves (B) and the tumor weights at the end of study on
day 28 (C). D) Kaplan–Meier mouse survival curves. E) Spleen/body weight ratios of mice at day 28 after treatment. F) Mouse body weights during the
course of treatment. Data represent mean ± SEM; ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (one-way ANOVA with
Dunnett test).

progress, which is subject to further investigation. (Figure 6F).
Next, in an MC38 colorectal cancer mouse model in syngeneic
C57Bl/6 mice, we also evaluated these NVs, alone or combined
with 𝛼PD-1, for personalized tumor immunotherapy. Specifi-
cally, we synthesized NVs as above for the codelivery of cGAMP
and a peptide neoantigen Adpgk (ASMTNMELM), which is
a MHC-I-restricted neoantigen discovered in MC38 cells.[34]

Again, the combination of NVs [i.e., NP/(cGAMP + Adpgk)]
and 𝛼PD-1, relative to either NVs or 𝛼PD-1 alone, significantly
promoted the tumor therapeutic efficacy with great safety (Figure
S23, Supporting Information). Though these treatments did not
completely control the tumor progression, we envision that their
therapeutic efficacy can be improved by approaches such as using
multiepitope antigens or synergistic adjuvants. Nonetheless, all
these results indicated the synergy between these NVs and ICB:
NVs induced anergic antigen-specific T cells that can be reinvig-
orated by 𝛼PD-1, and 𝛼PD-1 potentiated the T-cell cytotoxicity
and prolong T-cell half-life for the optimal tumor immunother-
apeutic efficacy. Overall, these results demonstrated the great
therapeutic efficacy of these NVs, alone or combined with ICB.

The immunosuppressive tumor immune microenvironment
(TIME) is where tumor cells and immune cells interact and anti-
tumor immunity is suppressed. Remodeling the TIME to reduce
the immunosuppression is pivotal for effective immunotherapy
of solid tumors. By ELISPOT analysis of TC-1 tumor from
C57BL/6 mice that were treated as above (Figure 6A), we first
studied the ability of our immunotherapy regimens to enhance
the secretion of IFN-𝛾 , which is instrumental in the tumor cell

killing by antitumor immune cells. We showed that the combina-
tion of NP/(cGAMP + E7) with 𝛼PD-1 significantly enhanced the
IFN-𝛾 secretion in tumor, which is consistent with the enhanced
immunotherapeutic efficacy by this combination (Figure 7A,B).
We then studied the impact of our immunotherapy on the TC-1
TIME by RT-PCR and flow cytometry of the molecular and cel-
lular immune markers. As shown by RT-PCR, relative to control
treatments, NP/(cGAMP + E7) + 𝛼PD-1 drastically increased the
relative expression of IFN-I (e.g., Ifn-𝛽), and inflammatory cy-
tokine and chemokine genes such as Tnf-𝛼, Cxcl9, Cxcl10, and Il-
12 in tumor (Figure 7C). Since Tnf-𝛼 and Il-6 were also typical M1-
like macrophage biomarkers, we also investigated macrophage
polarization by RT-PCR. Relative to control treatments,
NP/(cGAMP + E7) + 𝛼PD-1 significantly upregulated represen-
tative M1-like macrophage biomarkers (Tnf-𝛼, Il-6, and Nos2)
and downregulated M2-like macrophage biomarkers (Mrc1,
Ym1, and Arg1) (Figure 7C,D). Further, flow cytometry analysis
of the tumor cell milieu (gating tree in Figure S19, Supporting
Information) showed that NP/(cGAMP + E7) and NP/(cGAMP
+ E7) + 𝛼PD-1 increased the number of infiltrating CD8+ and
CD4+ T cells (Figure S20A, Supporting Information) and the
CD8+/CD4+ T-cell ratio (Figure 7E), the latter of which predicts
the clinical immunotherapeutic outcome of solid tumors.[35]

Besides, NP/(cGAMP + E7) + 𝛼PD-1 expanded the intratumoral
CD11c+ DCs and CD11b+F4/80+ macrophages (Figure 7F; Fig-
ure S20B, Supporting Information). These results demonstrated
that NP/(cGAMP + E7), especially when combined with ICB,
significantly remodeled the TIME to reduce tumor immunosup-
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Figure 7. Immune milium analysis in TC-1 tumor microenvironment after nanovaccines (NVs) and immune checkpoint blockade (ICB) combination
immunotherapy. A,B) Photographs (A) and quantification (B) of ELISPOT results showing the INF-𝛾 spots in the as-treated tumors. C) RT-PCR results of
the mRNA levels of immunostimulatory cytokines and chemokines in as-treated tumors. D) RT-PCR results of the mRNA levels of M1-like macrophage
marker Nos2 and M2-like macrophage markers Mrc1, Ym1, and Arg1 in as-treated tumors. Data were relative to the expression of house-keeping gene
Gapdh. E) CD8+/CD4+ T-cell ratio in TC-1 tumor after combination immunotherapy. F) Tumor-infiltrating dendritic cells (DCs) in TC-1 tumor after
combination immunotherapy. G) DC levels in the nontumor draining inguinal lymph nodes (LNs) and spleens of TC-1-tumor-bearing mice after com-
bination immunotherapy. Data represent mean ± SEM; ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (one-way ANOVA
with Dunnett test).

pression. We further studied the NVs, alone or combined with
ICB, for the immunomodulation in secondary lymphoid tissues
LNs and spleens. Relative to control treatments, NP/(cGAMP
+ E7) + 𝛼PD-1 increased the expression of costimulatory factor
CD40 and CD86 on DCs in LNs (Figure 7G) and spleens (Figure
S21, Supporting Information). Moreover, in the draining in-
guinal LNs of vaccine administration sites (nontumor draining
LNs), NP/(cGAMP + E7) + 𝛼PD-1 enhanced the frequency of
CD11c+ DCs, CD11c+CD86+ DCs, CD11c+CD80+ DCs, and
upregulated CD40 expression on CD11c+ DCs (Figure S22,
Supporting Information). These results indicate that these treat-
ments activated DCs in LNs where various antitumor immune
responses are orchestrated. Overall, these results demonstrate

that the combination of NVs and 𝛼PD-1 elicited multifaceted
antitumor immune responses and reduced the immunosup-
pression in TIME and secondary lymphoid tissues, all of which
are pivotal for effective and durable tumor immunotherapy.

3. Conclusion

We designed a pH-responsive multivesicular polymeric NPs for
the codelivery of STING agonist cGAMP and peptide oncoviral
antigens and neoantigens to elicit potent and long-lasting T-cell
responses in combination tumor immunotherapy. The star-
shaped polymers were synthesized based on the Passerini three-
component reaction and ATRP. The hydrophilic and cationic
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PDMA was synthesized with different chain lengths to optimize
cGAMP loading, NV sizes, as well as biocompatibility. The
hydrophobic PDPA chain was ultrasensitive pH-responsive,[36]

which facilitates NV disassembly in the acidic endolysosome to
enhance endosomal escape of cGAMP and antigens. Prolonging
PDMA chain increased the cGAMP loading capacity in NPs, but
also reduced the NP stability as shown by their high CMC and re-
duced the pH-responsiveness as a result of reduced mass fraction
of PDPA in the polymer. We chose S40 NPs as the vaccine carri-
ers due to its good safety profile, high loading capacity of cGAMP,
and its sensitive pH responsiveness in the pH range (pH 6–7)
of endosome, where NVs are expected to be disassembled and
escape to cytosol for STING activation by cGAMP and antigen
presentation by MHC. In this study, we loaded two peptide
antigens into NPs, likely via hydrophobic interactions. Nonethe-
less, depending on the compositions and sequences, peptides,
including tumor antigenic peptides, have vastly heterogeneous
physicochemical properties, such as water solubility and electro-
static charges. Such heterogeneity is expected to challenge ho-
mogeneous loading of peptide antigens in nanocarriers for wide
applications. A previous study has attempted to address this chal-
lenge by using a charge-modified group and a hydrophobic block
to tune the NP assembly to a defined size distribution for the
loading of peptide antigens with heterogeneous physicochemical
properties.[18b] NVs efficiently codelivered cGAMP and antigens
to draining LNs and key intranodal APC subsets (e.g., DCs and
macrophages) in mice. As a result, NVs elicited potent innate
immunity in APCs, sustained antigen presentation in a pro-
longed duration, and promoted vaccine-stimulated DCs to prime
antigen-specific T cells. Of note, though some pH-responsive
polymers per se have shown to bind and activate STING,[26a] we
have not observed such intrinsic STING activation ability of our
polymers. In mice, NVs elicited potent antigen-specific CD8+

T responses, accompanied with immune memory that is key
to treating metastatic tumors and preventing tumor recurrence
for durable immunotherapy. The immunostimulation also up-
regulated the expression of immune checkpoints. Since the low
endogenous tumor-specific effector T cells and the low expres-
sion level of immune checkpoints are among the primary causes
of tumor resistance to current ICB, the abilities of NVs to expand
these cell repertoires and upregulate immune checkpoints are ex-
pected to sensitize ICB. This provides an opportunity for rational
synergistic combination of NVs and ICB for the optimal tumor
immunotherapy. Indeed, relative to free vaccines or ICB alone,
NVs, especially combined with ICB, dramatically inhibited tumor
progression and prolonged mouse survival in syngeneic TC-1
and MC38 tumor models. TIME represents a major hurdle for
effective tumor immunotherapy. Impressively, NVs, especially
combined with ICB, significantly reprogramed the TIME as well
as the immune milieu in non-tumor-draining LNs and spleens by
upregulating immunoactivating cells and molecules and inhibit-
ing immunosuppressive cells. Collectively, these results suggest
the great potential of these NVs for adjuvant/antigen codelivery
and potent and durable combination cancer immunotherapy.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
G.Z. acknowledges funding support from NIH (R01AI168684,
R35GM143014, and R21NS114455), NIH-NCATS KL2 scholarship
(KL2TR002648) via VCU C. Kenneth and Dianne Wright Center for
Clinical and Translational Research (UL1TR002649), DoD CDMRP Breast
Cancer Breakthrough Award Level II (BC210931/P1), METAvivor Early
Career Investigator Award, and VCU pilot grants including Massey
Cancer Center Molecules to Medicine pilot grant. T.S. and F.C. acknowl-
edge partial funding of Guangdong Basic and Applied Basic Research
Foundation (2020A1515110811) and the National Natural Science
Foundation of China (52103199, 82102203). S.L. acknowledges funding
support of National Natural Science Foundation of China (81922052 and
81974435), and the Natural Science Foundation of Guangdong, China
(2019B151502011). Microscopy was performed at the VCU Microscopy
Facility, supported in part by funding from NINDS Center Core Grant 5 P30
NS047463 and, in part, by funding from the NCI Cancer Center Support
Grant P30 CA016059. Flow cytometry was performed at the VCU Massey
Cancer Center Flow Cytometry Shared Resource, which is supported, in
part, with funding from NCI Cancer Center Support Grant P30 CA016059.
NMR was conducted in VCU Institute for Structural Biology and Drug
Discovery. The authors thank NIH Tetramer Core for providing tetramer
reagents. All animal work was conducted following NIH guidelines and
in accordance with an approved protocol by the Virginia Commonwealth
University Animal Care and Use Committee (IACUC) (ad10001961).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
cancer immunotherapy, cGAS-STING, nanovaccine, neoantigen, pH re-
sponsiveness, polymeric nanocarrier, vaccine codelivery

Received: March 31, 2022
Revised: May 17, 2022

Published online: June 16, 2022

[1] K. DePeaux, G. M. Delgoffe, Nat. Rev. Immunol. 2021, 21, 785.
[2] a) N. Gong, N. C. Sheppard, M. M. Billingsley, C. H. June, M. J.

Mitchell, Nat. Nanotechnol. 2021, 16, 25; b) A. D. Waldman, J. M.
Fritz, M. J. Lenardo, Nat. Rev. Immunol. 2020, 20, 651.

[3] J. D. French, Nat. Rev. Endocrinol. 2020, 16, 629.
[4] D. B. Doroshow, S. Bhalla, M. B. Beasley, L. M. Sholl, K. M. Kerr, S.

Gnjatic, I. I. Wistuba, D. L. Rimm, M. S. Tsao, F. R. Hirsch, Nat. Rev.
Clin. Oncol. 2021, 18, 345.

[5] A. J. Hou, L. C. Chen, Y. Y. Chen, Nat. Rev. Drug Discovery 2021, 20,
531.

[6] S. A. Patel, A. J. Minn, Immunity 2018, 48, 417.
[7] S. Li, Y. Simoni, S. Zhuang, A. Gabel, S. Ma, J. Chee, L. Islas, A.

Cessna, J. Creaney, R. K. Bradley, A. Redwood, B. W. Robinson, E. W.
Newell, Proc. Natl. Acad. Sci. U. S. A. 2021, 118, e2025570118.

[8] a) F. Chen, Y. Wang, J. Gao, M. Saeed, T. Li, W. Wang, H. Yu, Bioma-
terials 2021, 270, 120709; b) M. S. Goldberg, Cell 2015, 161, 201.

[9] L. Scheetz, K. S. Park, Q. Li, P. R. Lowenstein, M. G. Castro, A. Schwen-
deman, J. J. Moon, Nat. Biomed. Eng. 2019, 3, 768.

Adv. Sci. 2022, 9, 2201895 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2201895 (13 of 14)



www.advancedsciencenews.com www.advancedscience.com

[10] a) E. Blass, P. A. Ott, Nat. Rev. Clin. Oncol. 2021, 18, 215; b) Z. Hu, D.
E. Leet, R. L. Allesøe, G. Oliveira, S. Li, A. M. Luoma, J. Liu, J. Forman,
T. Huang, J. B. Iorgulescu, R. Holden, S. Sarkizova, S. H. Gohil, R. A.
Redd, J. Sun, L. Elagina, A. Giobbie-Hurder, W. Zhang, L. Peter, Z.
Ciantra, S. Rodig, O. Olive, K. Shetty, J. Pyrdol, M. Uduman, P. C.
Lee, P. Bachireddy, E. I. Buchbinder, C. H. Yoon, D. Neuberg, et al,
Nat. Med. 2021, 27, 515.

[11] L. B. Alexandrov, S. Nik-Zainal, D. C. Wedge, S. A. J. R. Aparicio, S.
Behjati, A. V. Biankin, G. R. Bignell, N. Bolli, A. Borg, A.-L. Børresen-
Dale, S. Boyault, B. Burkhardt, A. P. Butler, C. Caldas, H. R. Davies, C.
Desmedt, R. Eils, J. E. Eyfjörd, J. A. Foekens, M. Greaves, F. Hosoda,
B. Hutter, T. Ilicic, S. Imbeaud, M. Imielinski, N. Jäger, D. T. W. Jones,
D. Jones, S. Knappskog, M. Kool, et al, Nature 2013, 500, 415.

[12] W.-H. Li, Y.-M. Li, Chem. Rev. 2020, 120, 11420.
[13] a) G. N. Barber, Nat. Rev. Immunol. 2015, 15, 760; b) S.-R. Woo, M.

B. Fuertes, L. Corrales, S. Spranger, M. J. Furdyna, M. Y. K. Leung, R.
Duggan, Y. Wang, G. N. Barber, K. A. Fitzgerald, M.-L. Alegre, T. F.
Gajewski, Immunity 2014, 41, 830.

[14] a) J. Fu, D. B. Kanne, M. Leong, L. H. Glickman, S. M. McWhirter, E.
Lemmens, K. Mechette, J. J. Leong, P. Lauer, W. Liu, K. E. Sivick, Q.
Zeng, K. C. Soares, L. Zheng, D. A. Portnoy, J. J. Woodward, D. M.
Pardoll, T. W. Dubensky, Y. Kim, Sci. Transl. Med. 2015, 7, 283ra52; b)
K. W. Ng, E. A. Marshall, J. C. Bell, W. L. Lam, Trends Immunol. 2018,
39, 44.

[15] a) A. J. Minn, E. J. Wherry, Cell 2016, 165, 272; b) C. J. Nicolai, N. Wolf,
I. C. Chang, G. Kirn, A. Marcus, C. O. Ndubaku, S. M. McWhirter, D.
H. Raulet, Sci. Immunol. 2020, 5, eaaz2738; c) W. Li, L. Lu, J. Lu, X.
Wang, C. Yang, J. Jin, L. Wu, X. Hong, F. Li, D. Cao, Y. Yang, M. Wu,
B. Su, J. Cheng, X. Yang, W. Di, L. Deng, Sci. Transl. Med. 2020, 12,
eaay9013.

[16] L. Corrales, L. H. Glickman, S. M. McWhirter, D. B. Kanne, K. E. Sivick,
G. E. Katibah, S.-R. Woo, E. Lemmens, T. Banda, J. J. Leong, K. Metch-
ette, T. W. Dubensky, T. F. Gajewski, Cell Rep. 2015, 11, 1018.

[17] S. Cuzzubbo, S. Mangsbo, D. Nagarajan, K. Habra, A. G. Pockley, S.
E. B. McArdle, Front. Immunol. 2020, 11, 615240.

[18] a) F. Baharom, R. A. Ramirez-Valdez, K. K. S. Tobin, H. Yamane, C.-
A. Dutertre, A. Khalilnezhad, G. V. Reynoso, V. L. Coble, G. M. Lynn,
M. P. Mulè, A. J. Martins, J. P. Finnigan, X. M. Zhang, J. A. Hamer-
man, N. Bhardwaj, J. S. Tsang, H. D. Hickman, F. Ginhoux, A. S.
Ishizuka, R. A. Seder, Nat. Immunol. 2021, 22, 41; b) G. M. Lynn,
C. Sedlik, F. Baharom, Y. Zhu, R. A. Ramirez-Valdez, V. L. Coble, K. To-
bin, S. R. Nichols, Y. Itzkowitz, N. Zaidi, J. M. Gammon, N. J. Blobel,
J. Denizeau, P. de la Rochere, B. J. Francica, B. Decker, M. Maciejew-
ski, J. Cheung, H. Yamane, M. G. Smelkinson, J. R. Francica, R. Laga,
J. D. Bernstock, L. W. Seymour, C. G. Drake, C. M. Jewell, O. Lantz, E.
Piaggio, A. S. Ishizuka, R. A. Seder, Nat. Biotechnol. 2020, 38, 320; c)
D. Shae, J. J. Baljon, M. Wehbe, P. P. Christov, K. W. Becker, A. Kumar,
N. Suryadevara, C. S. Carson, C. R. Palmer, F. C. Knight, S. Joyce, J. T.
Wilson, ACS Nano 2020, 14, 9904.

[19] a) S. Liu, Q. Jiang, X. Zhao, R. Zhao, Y. Wang, Y. Wang, J. Liu, Y. Shang,
S. Zhao, T. Wu, Y. Zhang, G. Nie, B. Ding, Nat. Mater. 2021, 20, 421;
b) G. Zhu, F. Zhang, Q. Ni, G. Niu, X. Chen, ACS Nano 2017, 11, 2387.

[20] R. Tian, C. Ke, L. Rao, J. Lau, X. Chen, Adv. Drug Delivery Rev. 2020,
161, 145.

[21] a) N. Cheng, R. Watkins-Schulz, R. D. Junkins, C. N. David, B. M.
Johnson, S. A. Montgomery, K. J. Peine, D. B. Darr, H. Yuan, K. P.
McKinnon, Q. Liu, L. Miao, L. Huang, E. M. Bachelder, K. M. Ainslie,
J. P. Y. Ting, JCI Insight 2018, 3, 20; b) M. C. Hanson, M. P. Crespo,
W. Abraham, K. D. Moynihan, G. L. Szeto, S. H. Chen, M. B. Melo, S.
Mueller, D. J. Irvine, J. Clin. Invest. 2015, 125, 2532.

[22] a) D. Shae, K. W. Becker, P. Christov, D. S. Yun, A. K. R. Lytton-Jean, S.
Sevimli, M. Ascano, M. Kelley, D. B. Johnson, J. M. Balko, J. T. Wilson,
Nat. Nanotechnol. 2019, 14, 269; b) X. Lu, L. Miao, W. Gao, Z. Chen,
K. J. McHugh, Y. Sun, Z. Tochka, S. Tomasic, K. Sadtler, A. Hyacinthe,
Y. Huang, T. Graf, Q. Hu, M. Sarmadi, R. Langer, D. G. Anderson, A.
Jaklenec, Sci. Transl. Med. 2020, 12, eaaz6606.

[23] F. Wang, H. Su, D. Xu, W. Dai, W. Zhang, Z. Wang, C. F. Anderson, M.
Zheng, R. Oh, F. Wan, H. Cui, Nat. Biomed. Eng. 2020, 4, 1090.

[24] T. Su, F. Cheng, Y. Pu, J. Cao, S. Lin, G. Zhu, B. He, Chem. Eng. J. 2021,
411, 128561.

[25] S. K. Saini, K. Ostermeir, V. R. Ramnarayan, H. Schuster, M.
Zacharias, S. Springer, Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 15383.

[26] a) M. Luo, H. Wang, Z. Wang, H. Cai, Z. Lu, Y. Li, M. Du, G. Huang,
C. Wang, X. Chen, M. R. Porembka, J. Lea, A. E. Frankel, Y.-X. Fu, Z.
J. Chen, J. Gao, Nat. Nanotechnol. 2017, 12, 648; b) D. J. Peeler, S.
N. Thai, Y. Cheng, P. J. Horner, D. L. Sellers, S. H. Pun, Biomaterials
2019, 192, 235.

[27] a) C. Ritchie, A. F. Cordova, G. T. Hess, M. C. Bassik, L. Li, Mol. Cell
2019, 75, 372; b) R. D. Luteijn, S. A. Zaver, B. G. Gowen, S. K. Wyman,
N. E. Garelis, L. Onia, S. M. McWhirter, G. E. Katibah, J. E. Corn, J. J.
Woodward, D. H. Raulet, Nature 2019, 573, 434.

[28] A. P. French, S. Mills, R. Swarup, M. J. Bennett, T. P. Pridmore, Nat.
Protoc. 2008, 3, 619.

[29] J. A. Carozza, V. Böhnert, K. C. Nguyen, G. Skariah, K. E. Shaw, J. A.
Brown, M. Rafat, R. von Eyben, E. E. Graves, J. S. Glenn, M. Smith, L.
Li, Nat. Cancer 2020, 1, 184.

[30] E. Duong, T. B. Fessenden, E. Lutz, T. Dinter, L. Yim, S. Blatt, A.
Bhutkar, K. D. Wittrup, S. Spranger, Immunity 2022, 55, 308.

[31] a) T. J. Moyer, Y. Kato, W. Abraham, J. Y. H. Chang, D. W. Kulp, N.
Watson, H. L. Turner, S. Menis, R. K. Abbott, J. N. Bhiman, M. B.
Melo, H. A. Simon, S. Herrera-De la Mata, S. Liang, G. Seumois, Y.
Agarwal, N. Li, D. R. Burton, A. B. Ward, W. R. Schief, S. Crotty, D. J.
Irvine, Nat. Med. 2020, 26, 430; b) D. J. Irvine, A. Aung, M. Silva, Adv.
Drug Delivery Rev. 2020, 158, 91.

[32] a) L. Gattinoni, D. E. Speiser, M. Lichterfeld, C. Bonini, Nat. Med.
2017, 23, 18; b) L. Gattinoni, X.-S. Zhong, D. C. Palmer, Y. Ji, C. S.
Hinrichs, Z. Yu, C. Wrzesinski, A. Boni, L. Cassard, L. M. Garvin, C.
M. Paulos, P. Muranski, N. P. Restifo, Nat. Med. 2009, 15, 808; c)
L. Gattinoni, E. Lugli, Y. Ji, Z. Pos, C. M. Paulos, M. F. Quigley, J. R.
Almeida, E. Gostick, Z. Yu, C. Carpenito, E. Wang, D. C. Douek, D. A.
Price, C. H. June, F. M. Marincola, M. Roederer, N. P. Restifo, Nat.
Med. 2011, 17, 1290.

[33] a) F. Sallusto, J. Geginat, A. Lanzavecchia, Annu. Rev. Immunol. 2004,
22, 745; b) E. Lugli, G. Galletti, S. K. Boi, B. A. Youngblood, Trends
Immunol. 2020, 41, 17.

[34] M. Yadav, S. Jhunjhunwala, Q. T. Phung, P. Lupardus, J. Tanguay,
S. Bumbaca, C. Franci, T. K. Cheung, J. Fritsche, T. Weinschenk, Z.
Modrusan, I. Mellman, J. R. Lill, L. Delamarre, Nature 2014, 515,
572.

[35] a) E. Sato, S. H. Olson, J. Ahn, B. Bundy, H. Nishikawa, F. Qian, A. A.
Jungbluth, D. Frosina, S. Gnjatic, C. Ambrosone, J. Kepner, T. Odunsi,
G. Ritter, S. Lele, Y.-T. Chen, H. Ohtani, L. J. Old, K. Odunsi, Proc. Natl.
Acad. Sci. U. S. A. 2005, 102, 18538; b) L. Shi, L. Chen, C. Wu, Y. Zhu,
B. Xu, X. Zheng, M. Sun, W. Wen, X. Dai, M. Yang, Q. Lv, B. Lu, J.
Jiang, Clin. Cancer Res. 2016, 22, 1173.

[36] a) Y. Wang, K. Zhou, G. Huang, C. Hensley, X. Huang, X. Ma, T. Zhao,
B. D. Sumer, R. J. DeBerardinis, J. Gao, Nat. Mater. 2014, 13, 204; b)
Y. Li, Y. Wang, G. Huang, X. Ma, K. Zhou, J. Gao, Angew. Chem., Int.
Ed. 2014, 53, 8074.

Adv. Sci. 2022, 9, 2201895 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2201895 (14 of 14)


